Palabras Clave: Alouatta, dispersión secundaria de semillas, escarabajo pelotero, interacciones planta -animal, reconfiguración, resalvajamiento
acciones entre animales y plantas, así como los procesos ecológicos perjudicados por la pérdida de fauna. Sin embargo, el restablecimiento de dichos procesos ha sido poco evaluado. Investigamos la restauración de las interacciones ecológicas después de la reintroducción del mono aullador pardo (Alouatta guariba) a un sitio de bosque atlántico con pérdida de fauna. Nuestras expectativas planteaban que la reintroducción restauraría las interacciones planta -animal y las interacciones entre los monos y los escarabajos peloteros, la cual promueve la dispersión secundaria de semillas. Estimamos que el número de interacciones que se esperaba fueran restauradas proporcionaría la línea base para la riqueza de interacciones que podría ser restaurada. Seguimos a los monos aulladores reintroducidos dos veces por semana durante 24 meses (227 horas en total) para evaluar su dieta. Usamos las excretas de los monos en experimentos de dispersión secundaria de semillas con 2484 imitaciones de semilla para estimar las tasas de extracción por parte de los escarabajos peloteros y luego los colectamos para evaluar los atributos de la comunidad. Comparamos la potencial contribución futura de los monos aulladores y otros frugívoros para la dispersión de semillas con base en el tamaño de las semillas que dispersan en otrasáreas en donde están presentes. En dos años los monos aulladores consumieron 60 especies de plantas dispersadas por animales de las 330 estimadas. Veintiún especies

Introduction
The loss of ecological interactions due to defaunation has severely disrupted ecological functions in forest ecosystems worldwide. Disruption of plant-animal interactions can impair seed dispersal (Galetti et al. 2006 ) and regeneration processes (Wright et al. 2007 ). Although faunal extirpations do not necessarily lead to plant extirpations on ecological time scales, they cause plant fitness reductions (e.g., Galetti et al. 2013 ) and may impair longterm network stability (Dáttilo et al. 2016) . Over 75% of all tropical woody plant species yield fleshy fruits that rely on vertebrates for primary dispersal (Howe & Smallwood 1982) . Therefore, the weakening of such mutualisms can lead to compositional shifts (Wright et al. 2007 ) and then to feedbacks that may aggravate the effects of defaunation (e.g., Peres et al. 2016) . To reverse defaunation and its disruption of ecological processes, restoration of entire native faunas through reintroductions (i.e., refaunation [Oliveira- Santos & Fernandez 2010] ; trophic rewilding ) has been proposed.
Reintroductions reverse defaunation by reestablishing animal populations where they have been extirpated (IUCN/SSC 2013), but they also have the potential to restore plant-animal interactions and their mediated ecological processes (Seddon et al. 2014) and to provide a genetic and demographic rescue to rare plant species (Hufbauer et al. 2015) . The more defaunated an area is, the greater the potential effects of such a strategy. However, introducing species to restore processes usually involves uncertainty (Svenning et al. 2016) . Because extirpation often takes place long before reintroduction, its effects may cascade through the system in unpredictable ways (Polak & Saltz 2011) , so the reintroduced species may not be capable of reintegrating with the remaining ecological network and may create undesirable interactions with invasive species by dispersing them, for example. Although conservation translocations have been done through the last century (Seddon et al. 2014) , quantitative assessments of interaction restoration (i.e., rewiring) and restoration of ecological processes are lacking (Seddon et al. 2007; Galetti & Dirzo 2013 )-mainly because reintroduction monitoring usually focuses on population metrics. Therefore, it is urgent to evaluate the contribution of reintroductions to restore key ecological processes, such as seed dispersal, which we focused on, to improve decision making in conservation.
Large-and medium-seeded tropical trees rely on large primates for dispersal and recruitment (Peres & Roosmalen 2002) . Howler monkeys (Alouatta spp.) are folivores and frugivores. Fruits are a considerable part of their diet, and they swallow up to 90% of the seeds from the fruits they handle (Arroyo-Rodríguez et al. 2015; Aristizabal et al. 2017) . A meta-analysis showed strong positive effects of primate gut passage on seed germination (Fuzessy et al. 2016 ) and the same was reported for howler monkeys (e.g., González-DiPierro et al. 2011; Arroyo-Rodríguez et al. 2015) . Because of their highly flexible diet, they could be regarded as generalists. Generalist species are crucial to maintenance of community resilience to disturbance (Bascompte et al. 2003) and can contribute a large number of interactions when they are reintroduced in the first steps of trophic rewilding (Genes et al. 2017) .
This means generalist species can provide relatively greater benefits in terms of recreating robust ecological networks in the early stages of rewilding. Howler monkeys are resilient to forest fragmentation (ArroyoRodríguez & Dias 2010) and therefore, in defaunated areas, they can compensate for the loss of other large frugivores by dispersing large-seeded plants ). However, their seed-dispersal effectiveness differs, mainly due to their clumped defecation patterns (Julliot 1997; Andresen 1999) . Because seed survival increases at low seed densities, recruitment of plants consumed by howler monkeys depends on secondary seed dispersal by dung beetles (Scarabaeidae: Scarabaeinae). Taking into account secondary seed dispersal by dung beetles is crucial to assessing the impact of howler monkeys on plant communities (Andresen 1999) .
Dung beetles use mammal dung for feeding and nesting. Thus, they are highly sensitive to mammalian defaunation (Culot et al. 2013) . Dung beetles use howler monkeys' feces as a preferred food source; therefore, their biomass and abundance are related to howler monkey densities (Estrada et al. 1999; Andresen 2003; Andresen & Laurance 2007) . When manipulating feces, these beetles move seeds to microsites favorable for germination and recruitment (Vander Wall & Longland 2004; Vulinec et al. 2006) . Dung beetle functional and community attributes have been used to assess plant restoration success (e.g., Derhé et al. 2016) . Similarly, an increase in resource availability that follows mammal reintroductions should increase the abundance and biomass of dung beetles, particularly of large beetles.
Ours is the first attempt to quantify a primate reintroduction's success in rewiring ecological interactions in plant and animal communities and in restoring seed dispersal. We investigated the restoration of ecological interactions and associated processes following the reintroduction of the brown howler monkey (Alouatta guariba clamitans) to Tijuca National Park (TNP) in Brazil, a largely defaunated Atlantic Forest fragment . We expected reintroduction would restore lost ecological interactions among howler monkeys, dung beetles and plants, and that howler monkeys would have the potential to disperse seeds of more plant species than other frugivores in the area. We estimated the total number of interactions expected to be restored by the reintroduction (i.e., the credit of ecological interactions) and interaction rewiring that followed reintroduction; experimentally assessed the dung beetle community affected by the reintroduction and their secondary seed dispersal; established a list of plant species expected to benefit from the restoration of those interactions; and assessed the potential impact of the reintroduction on seed dispersal in the park.
Methods
Study Site and Reintroduction Process
The study was carried out from August 2015 to August 2017 in TNP, a 3953-ha forest within a metropolitan matrix in Rio de Janeiro, Brazil. The area was farmed up to the 19th century, when it was partly reforested. Vegetation, although historically disturbed, is composed of typical Atlantic Forest species and some non-native species used in the reforestation. Mean monthly temperature range is 18-26°C, and precipitation surpasses 1200 mm a year; summers are wetter than other seasons (ICMBio 2008) . Despite a few rewilding attempts in the 1970s (Coimbra-Filho et al. 1973) , when the only successful reintroduction was of Toucan (Ramphastos vitellinus), the area remains largely defaunated and lacks medium and large frugivores and apex predators. Currently, a refaunation program is in place that aims to restore lost ecological interactions and processes . Agoutis (Dasyprocta leporina) were reintroduced in 2010 (Cid et al. 2014 ) and howler monkeys in late 2015 ). This was the first primate reintroduction specifically designed to restore ecological interactions and seed dispersal (Andresen et al. 2018) .
Prior to the first release in 2015, howler monkeys had been extirpated from TNP for over a century. Then, 2 adult males and 2 adult females (1 wild born and 1 captive born for each sex) were soft released (Bright & Morris 1994) . This means after quarantine and health checks, animals spent at least 20 days in an enclosure in the forest, where they were given both commercial and forest fruits and leaves and were observed by researchers. Two other adult males were released later in 2016 and 2017. All released animals were equipped with radiotelemetry or GPS collars or anklets (TGB-315 Telenax, Playa del Carmen, Mexico). From the start of the reintroduction until early 2018, 8 different individuals have inhabited the forest, including 2 wild-born infants. One animal died, 1 could not be located, and 4 or fewer were present at any given time. The released monkeys did not form a cohesive group and thus occupied slightly different areas of the park. The organizations IBAMA and ICMBio approved and provided the required licenses for the project and fieldwork. Details of the reintroduction procedure are in Fernandez et al. (2017) .
Plant-Animal Interaction Rewiring
To evaluate reintroduction success in restoring plantanimal interactions, we estimated the number of interactions that could be restored by the reintroduction (credit of ecological interactions) (Genes et al. 2017; Supporting Information) and compared that number with the observed number of pairwise interactions restored by the monkeys. We assessed howler monkey diets over 24 months, from right after the first group's release in September 2015 to August 2017. We observed the animals weekly from 0800 to 1700 whenever possible, following the frequency method described by Julliot and Sabatier (1993) : animals were observed continuously and one at a time and tree species of fruits and leaves consumed were recorded. All individuals were habituated to observation prior to release. The number of observation
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Volume 33, No. 1, 2019 days varied from 0 to 30/month due to equipment failure. The mean was 5 days/month (Supporting Information). We had 581 hours of effort and 337 hours of observation. Each feeding tree was marked with a numbered aluminum tag and had its location recorded in a GPS device. Plant parts were collected and used to identify the plant to species level.
Dung Beetle Community Attributes
We randomly distributed 26 sampling points to experimentally assess the dung beetle community that interacts with howler monkeys. Distance between points was 100-200 m to ensure independence of dung beetle samples (Larsen & Forsyth 2005) . Sampling was undertaken from 2016 to 2017, once in the dry season and twice in the wet season.
To quantify dung beetle richness, abundance, and biomass, we used pitfall traps (20 cm diameter, 11 cm depth) baited with 15 g of howler monkey dung and filled with 250 mL of a salt and detergent solution (Supporting Information). Traps were deployed between 1200 to 1300 to maximize dung attractiveness (Culot et al. 2009 ). Beetles were collected after 24 hours, preserved in alcohol (70%), and placed in a freezer until processing. All individuals were dried at 40°C to constant weight and then measured (from clypeus to pygidium) and weighed in a precision balance. Specimens were identified and deposited in the Entomological Section of the Zoological Collection (CEMT) at Universidade Federal do Mato Grosso (Instituto de Biociências, Departamento de Biologia e Zoologia, Cuiabá, MT, Brazil). Beetles were categorized in functional groups (behavior and activity) according to Scholtz et al. (2009) . To ensure our trapping was sufficient to capture all the species that could interact with howler monkeys, we compared the sample-based species accumulation curve with the accumulated species richness estimated by jackknife1 from 1000 randomizations of observed species richness in the R environment (Colwell et al. 2004; R Core Team 2017) .
Secondary Seed Dispersal by Dung Beetles
To assess the restoration of secondary seed dispersal function after howler monkeys reintroduction, we set up an ecological functions experiment, as described by Andresen (2001) and Braga et al. (2013) and in more detail below, the day before pitfall trapping in half the pitfall-trapping points (Supporting Information). The first sampling effort was discarded due to heavy rain, so we conducted the experiments twice: first at 13 sampling points and then at 14 sampling points. At each point, we established a circular plot (1 m diameter) delimited by a fence 15 cm high held in place with bamboo sticks (Braga et al. 2013 ). In the center of each arena, we piled 70 g of frozen howler monkey dung mixed with plastic beads. Dung used in the experiments did not contain seeds. Plastic beads have been used successfully as seed mimics (Koike et al. 2012) and are not removed by seed predators (Slade et al. 2007 ). We used 2484 seed mimics of 4 different sizes (44 very small, 3 mm; 26 small, 6 mm; 14 medium, 10 mm; 8 large, 14 mm) to mimic seed sizes that can be dispersed by howler monkeys. Dung piles were protected from direct rain and leaves with a plastic plate.
Secondary seed dispersal was quantified 24 hours after placing the dung piles. Beads that remained in the pile were removed and counted. We assumed dung beetles had dispersed all missing beads. We performed the Shapiro-Wilk normality test and found the distribution was not normal, even when log transformed. We used a Kruskal-Wallis test in the R environment (R Core Team 2017) to compare removal rates at dung-patch level among different bead size classes.
Potential Impacts on Seed Dispersal
To determine the potential effects of the restoration of ecological interactions among howler monkeys, plants, and dung beetles on seed dispersal, we assessed the relation between seed sizes from species actually consumed by them and the probability of secondary dispersal by the beetles in TNP. We developed a list of plant species that could benefit from the reestablishment of these interactions and estimated the probability of secondary seed dispersal for each species. Scholtz et al. (2009) .
Figure 1. The number of pairwise frugivorous interactions (interaction richness) restored over time by reintroduced howler monkeys over 24 months according to the predicted credit of ecological interactions (i.e., the total number of interactions expected to be restored).
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To evaluate the importance of the howler monkey reintroduction to seed dispersal in TNP, we estimated the distribution of seed sizes of plant species potentially dispersed by other mammalian frugivores and howler monkeys in the area. We used the Atlantic-Frugivory data set ) to gather seed sizes of each plant genus present in TNP dispersed by howler monkeys in other Atlantic Forest sites. Genera equivalency can be used to depict broad community patterns in seed size because it is usually phylogenetically consistent (Lord et al. 1995) . We used the same procedure to estimate the seed sizes potentially dispersed by the other primates in TNP (Callithrix spp., Sapajus nigritus) and by other frugivorous mammals in the park, including bats and nonvolant mammals (species listed in Supporting Information). We tested whether the distribution of seed sizes potentially dispersed by howler monkeys was broader than other primates and other mammals in the park with a 1-tailed Mann-Whitney ran in R environment (R Core Team 2017).
Results
Plant-Animal Interaction Rewiring
We found that the reintroduction of howler monkeys could provide up to 330 new pairwise frugivory interactions. We obtained a total of 370 feeding records for the monkeys in 87 identified plant species. Most of these records (275) were from animal-dispersed plants of 60 different species (Table 1) . Because we were interested in assessing the reestablishment of seed dispersal, hereafter we focus only on these 60 species. The monkeys had the potential to interact with up to 330 species. Over the 24 months of our study, they interacted with around 18% of their credit of ecological interactions (Fig. 1) . Moraceae and Myrtaceae corresponded to 51.5% of the feeding records. Myrceugenia myrcioidis and Ficus spp. were the most frequently consumed.
Dung Beetle Community Attributes
We captured 685 dung beetle individuals of 21 species (Table 2) . Sampling effort appeared sufficient to characterize the local dung beetle community that interacted with the howler monkeys (Supporting Information). Tunnelers were the most abundant functional beetle group (16 species and 665 individuals). We found 2 species of rollers, 1 of dwellers, and 2 with unknown nesting behavior. Most species were nocturnal and large-sized (>10 mm). The small species Canthidium trinodosum accounted for 30% of all individuals found, whereas the larger Dichotomius sericeus accounted for 30% of the beetles' biomass. Body size ranged from 2.8 mm (Uroxys sp.) to 23.3 mm (Dichotomius mormon).
Secondary Seed Dispersal by Dung Beetles
Removal rate of experimentally placed seed mimics at dung patch level ranged from 16.3% to 100% (median 69%) (Fig. 2) . The proportion of beads dispersed decreased as the size of the bead increased (H = 32.042, df = 3, p < 0.001). Small beads (3 mm) had the highest removal rates, whereas large beads (14 mm) had the lowest removal rates.
Potential Impacts on Seed Dispersal
At least 40 plant species could have synergistically benefitted from the restoration of howler monkey-dung beetle interaction (Fig. 3) . Seed size of the species consumed by howler monkeys ranged from 0.3 to 34.3 mm. Around 91% of all species evaluated had seed sizes ࣘ14 mm, which fit the range of bead sizes we used (Fig. 2 &  Table 2 ). Therefore, most of these seeds are likely to be dispersed by dung beetles. We found howler monkeys had the potential to consume a broad range of seed sizes up to 22 mm in diameter, although in our observations howler monkeys also consumed Andira fraxinifolia (34.3 mm) and the invasive jackfruit (Artocarpus heterophyllus) (23.5 mm). The distribution of seed sizes potentially consumed by other primate species in TNP differed significantly from sizes potentially dispersed by howler monkeys (W = 4364, p = 0.001), but not between primates and other mammals (W = 2937, p = 0.1491) or between howler monkeys and all the other mammal species in the park (W = 7190, p = 0.0775). The other primates could presumably be functionally redundant to them in seed dispersal, but they may disperse fewer large seeded plant species (Fig. 4) . When compared with the entire mammal community, howler monkeys may disperse a more restricted range of seed sizes.
Discussion
We showed that even after a century of extirpation, reintroduction of howler monkeys promoted the restoration of ecological interactions among howler monkeys, plants, and dung beetles, potentially enhancing seed dispersal in this defaunated forest. Although their social group did not remain cohesive during this first part of the reintroduction, just 24 months after their first release and despite their low numbers, howler monkeys reestablished nearly one-fifth of the pairwise interactions predicted by the credit of ecological interactions. This indicates the reintroduction successfully restored some of the lost interactions. We expect that once the population is established, their effects on ecological processes will be greater than what we have found here. Moreover, howler monkeys mainly interacted with more common plant species and should thus rewire interactions with more rare species only as the population expands or more individuals are released (Genes et al. 2017) . Due to the high number of exotic species in TNP, howler monkeys also created an undesirable interaction with the invasive jackfruit, which needs to be further monitored.
Regarding the reestablishment of ecological interactions between howler monkeys and dung beetles, we found that part of the dung beetle community has been resilient to the loss of howler monkey; 21 species interacted with their feces. However, we baited our traps only with dung from howler monkeys; thus, we could not predict how big the impact of the reintroduction on the dung beetle community as a whole would be. Dung resources experimentally provided were rapidly consumed, but beetle species richness was low relative to richness in other studies (Feer 1999; Andresen 2003) . A study in the Brazilian Atlantic Forest in which a mixture of pig and human feces was used as bait showed 33 species in primary forest and 17 species in a fragment of secondary forest (Braga et al. 2013) . No other study sampled Atlantic forest dung beetle communities with howler monkey dung, which hinders comparisons, but 2 species usually associated with primate dung in the Atlantic forest were not found (Canthon ibarragrassoi and Canthon aff. oliverioi). Because our sampling was sufficient (Supporting Information), it is likely that land use and extirpation of howler monkeys in TNP either led to the extirpation or dramatically reduced the abundance of many dung beetle species, such as these 2 species.
Despite the relatively impoverished dung beetle community, rates of secondary seed dispersal were high in our experiments. Andresen (2002) found dung beetles moving 6-73% of the plastic beads in her experiments. We found removal of large-seed mimics (14 mm) reached 100% in more than 1 sample, which means the recruitment of large-seeded plants would likely be affected by the reintroduction. The abundance of large and nocturnal tunneler beetles may explain that, because they have a disproportionate impact on secondary seed dispersal (Andresen 2002; Slade et al. 2007 ). Large beetles may be crucial to recruitment in such defaunated areas, where predation pressure by rodents is likely high (Nichols et al. 2008) and dispersal by few other mammals can be redundant to the howler monkeys' primary dispersal. Seed movement by dung beetles can sometimes be detrimental to germination, but Griffiths et al. (2016) found that seedlings that emerged could have higher survival probability, likely due to seed predator escape. Secondary seed dispersal by dung beetles increases as ecological restoration progresses (Derhé et al. 2016) . Therefore, we expect that as the number of howler monkeys in the park increases, the abundance and biomass of large beetles will also increase. Two years after the release of the first group of howler monkeys in TNP, they consumed a larger number of zoochorical species in that period than wild populations (e.g., Galetti et al. 1994; Chaves et al. 2018 ). Due to captive naivety, reintroduced animals may have different feeding patterns and explore a wider range of plant species in the first months after reintroduction. Moreover, howler monkeys are potentially relevant for seed dispersal in TNP relative to other mammals in the park because they can disperse more large-seeded plant species than the other primates. The only mammals that dispersed larger-seeded species than the howler monkeys were the agoutis, which were also reintroduced to TNP (Cid et al. 2014) . The larger-seeded species consumed are less likely to be secondarily dispersed by dung beetles. However, due to the high probability that most small seeds will be removed, large seeds can benefit by escaping density-dependent sources of mortality (Fuzessy et al. 2016) . Even though howler monkeys usually disperse seeds over shorter distances (Fuzessy et al. 2017) and may have negative effects on some species' germination (Estrada & Coates-Estrada 1984) , enhancing seed dispersal of trees that are not dispersed locally by other animals, or are endangered (e.g., Brosimum glaziovii or Pradosia kuhlmannii) may help the reintroduction provide genetic and demographic rescue to such rare species. At least 16 out of the 60 species consumed by the howler monkeys are large-seeded trees or woody lianas that likely face low recruitment rates due to defaunation (Peres & Roosmalen 2002) .
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A series of unforeseen events prevented the release of other howler monkey groups in the park during our study (e.g., reemergence of yellow fever in southeastern Brazil [Couto-Lima et al. 2017] ). Nevertheless, we found evidence of reintroduction effects and identified a baseline for future studies regarding the restoration of ecological interactions and processes in the area. To efficiently assess the effects of the reintroduction on seedling recruitment and forest regeneration, future studies should compare recruitment in areas where the howler monkeys were reintroduced with areas where they are still absent-which we were unable to do in such short time frame. Monitoring of reintroduction effects on dung beetles should be repeated in the future because secondary movement by dung beetles is crucial for the outcome of primary seed dispersal by howler monkeys (Lugon et al. 2017) .
Reintroduction initiatives are still controversial because their effects on ecological processes are seldom assessed (Galetti & Dirzo 2013) . Although our study was limited to a single species reintroduction, we found that reintroductions can restore lost ecological interactions and processes, even 2 years after the release of the first individuals. The continued monitoring of interactions can provide early-warning signals of undesirable effects (Jordano 2016) and help managers assess success. Moreover, through monitoring ecological interactions, the survival of reintroduced individuals and other parameters suggested by IUCN Reintroduction Guidelines (IUCN SSC 2013) can be assessed with little additional cost. Monitoring approaches that incorporate network analysis should be helpful in the future to assess reintroduction's broader effects on the entire seed-dispersal network. Similar approaches should be applied to other rewilding programs so that it can be determined whether our results are generalizable. However, based on our results, more reintroductions of frugivores should be encouraged to restore seed dispersal in tropical forests and to prevent the pervasive cascading effects caused by defaunation. and for providing bait for the experiments. We thank the TNP team for supporting our work. We thank other taxonomists who helped identify plant species, especially M. Souza and C. Baez. We thank D. Rocha for helping with the design of Fig. 3 . M. Galetti and L. Freitas provided useful comments and discussions on the first version of the manuscript. P. Jordano also provided valuable comments. This work has been supported by Fundação Grupo Boticário de Proteçãoà Natureza (Programa 0010/2014), CNPq (grants 487092/2012-4 and 308356/2014-4) , and FAPERJ (grants E-26/010/001645/2014). Personal grants were provided by CAPES and FAPERJ to L.G. and by CNPq to F.A.S.F. and A.S.P. The editors, M. Burgman, D. Drake, and C. Rondinini, and 2 anonymous reviewers provided substantial reviews that considerably improved the manuscript.
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